Autophagy is an evolutionarily conserved intracellular system that maintains cellular homeostasis by degrading and recycling damaged cellular components. The transcription factor HLH-30/TFEB-mediated autophagy has been reported to regulate tolerance to bacterial infection, but less is known about the bona fide bacterial effector that activates HLH-30 and autophagy. Here, we reveal that bacterial membrane poreforming toxin (PFT) induces autophagy in an HLH-30-dependent manner in Caenorhabditis elegans. Moreover, autophagy controls the susceptibility of animals to PFT toxicity through xenophagic degradation of PFT and repair of membrane-pore cell-autonomously in the PFT-targeted intestinal cells in C. elegans. These results demonstrate that autophagic pathways and autophagy are induced partly at the transcriptional level through HLH-30 activation and are required to protect metazoan upon PFT intoxication. Together, our data show a new and powerful connection between HLH-30-mediated autophagy and epithelium intrinsic cellular defense against the single most common mode of bacterial attack in vivo.
Introduction
Many bacterial pathogens, both Gram-positive and -negative, produce pore-forming toxins (PFTs) that damage the plasma membrane of host cells and are of importance to infection and pathogenesis. 1, 2 PFTs that contribute significantly to bacterial virulence include streptolysin O (SLO) from human-pathogenic Streptococci and crystal (Cry) toxins by Bacillus thuringiensis (Bt). The importance of PFTs in promoting bacterial pathogenesis has been demonstrated in numerous experiments where individual PFTs have been genetically mutated from pathogenic bacteria and the mutants then tested for attenuated or even no virulence. However, functional analyses of the epithelium intrinsic cellular defense (INCED) of the host at the organismal level to this largest class of bacterial virulence factors remains a vastly understudied area. 3 Bt Cry toxins, including Cry5B and Cry21A that were used in this study, can intoxicate a wide range of plant-parasitic, animalparasitic, and free-living nematodes, including the standard laboratory species, C. elegans. 4 This Cry toxin-C. elegans interaction system has opened up the first whole-animal genetic model for studying PFTs in vivo and has led to the discovery of several important INCED (PFT defense) pathways, including MAPK/JNK/p38 (mitogen-activated protein kinase) pathways, 5, 6 unfolded protein response (UPR) pathways, 7 the hypoxia pathway, 8 the DAF-2 insulin-like pathways, 3 and the RAB-5 and RAB-11-dependent vesicletrafficking pathways. 9 All these pathways protect C. elegans against Cry and other PFTs and in many cases, show parallel responses in mammalian cells under attack by PFTs.
Autophagy is an evolutionarily conserved cellular catabolic process involved in the formation of phagophores, doublemembrane compartments that are responsible for removing aggregation-prone proteins or superfluous and damaged organelles through the formation of an autophagosome and the autophagosomal-lysosomal pathway. 10 In higher eukaryotes, autophagy can be induced when cells are under metabolic stress, undergoing cellular remodeling, or removing damaged cellular constituents, therefore with an astonishing number of connections to development and normal physiology. 11 Moreover, autophagy has been linked to a wide range of human pathologies, including infection, immunity, and inflammatory diseases. 12, 13 Genetic screens, primarily in yeast, have identified more than 40 autophagy-related (ATG) genes. 14 Many of these genes have orthologs in higher eukaryotes, including C. elegans and mammals. Genetic manipulations of ATG ortholog genes in C. elegans have been very useful to probe the functions of autophagy in an intact multicellular organism during development. 15, 16 Many of the key signal modulators for autophagy regulation in other eukaryotic organisms appear to be conserved in C. elegans. Recent reports suggested that the transcription factor HLH-30 (TFEB in mammals) regulates autophagy activation in nutrient availability, lifespan regulation, and Staphylococcus aureus infection. [17] [18] [19] [20] Moreover, autophagy has been reported to control the susceptibility of mammalian cells to various PFTs, including V. cholerae cytolysin (VCC) and a-hemolysin (a-toxin, Hla) by S. aureus, [21] [22] [23] but how autophagy is triggered and its role at the organismal level are still largely understudied.
Cry5B perforates the intestinal cells via binding to the host glycosphingolipid receptors made by at least 4 glycosyltransferases encoded by bre (Bt toxin-resistant) genes in C. elegans. 24 Animals fed Cry5B show extensive cellular morphological changes, including the formation of vacuole-like structures in gut cells. 25 In a rhodamine-labeled Cry5B feeding experiment in C. elegans, 24 image analysis data show that although the majority of the Cry5B toxin signals are located in the intestinal lumen and on the apical surface of the intestinal cells, gut cells internalize some Cry5B or Cry5B fragments. Moreover, Cry5B toxin signals form multiple cytosolic puncta after being internalized into intestinal cells. All these features are reminiscent of the characteristics of cellular autophagy. Therefore, we designed in vivo experiments to determine the roles of autophagy in epithelium INCED against pore-forming toxins in C. elegans.
Results

Pore-forming toxin Cry5B activates autophagy in C. elegans
To determine whether autophagy plays roles in Cry5B PFT intoxication or defense, we analyzed previous microarray data of the Cry5B-C. elegans interaction, 5, 6 and found several atg genes (unc-51, lgg-1, lgg-2, lgg-3, atg-3, and atg-18) which were significantly upregulated after 3 h of exposure to Cry5B. This result suggested that Cry5B could activate transcription of these genes, or even cellular autophagy. We therefore performed quantitative real-time RT-PCR (qRT-PCR) to reconfirm the transcriptional activation of these genes after Cry5B exposure in glp-4(bn2) animals, the same C. elegans strain as used in the microarray studies (Fig. 1A) . Our results showed that transcription of 4 out of the 6 genes identified in the transcriptomic analysis, lgg-1, lgg-2, lgg-3, and atg-18, was significantly upregulated by Cry5B (all P < 0.01); however, the transcription of unc-51 (0.82£) and atg-3 (0.73£) were not upregulated in our qRT-PCR analysis.
To independently reconfirm that Cry5B upregulates the expression of atg genes, including lgg-1 and to test if Cry5B activates cellular autophagy, we examined the expression level and posttranslational modification of the LGG-1 protein in the wildtype N2 animals by western blot (Fig. 1B, quantified in Fig. 1C ). The quantitative results not only showed that total LGG-1 proteins (both LGG-1-I and LGG-1-II) increased significantly after Cry5B treatment (P < 0.01), but also demonstrated that the proteasecleaved and phosphatidylethanolamine (PE)-conjugated LGG-1-II, which is a marker for the activation of cellular autophagy, 26 significantly increased in the Cry5B-treated animals (P < 0.01).
To reconfirm the upregulation of lgg-1 independently and to monitor the activation site of cellular autophagy induced by Cry5B in C. elegans, we fed DA2123 transgenic animals, carrying the lgg-1p::GFP::lgg-1 reporter, on Cry5B-expressing E. coli plates for 3 h. The green fluorescence signal of GFP::LGG-1 was significantly increased in animals feeding on Cry5B plates (P < 0.01) compare with those on control plates ( Fig. 1D and E), which is consistent with the LGG-1 western blot analysis ( Fig. 1B and C) . Notably, the GFP::
LGG-1 signals were predominantly enhanced and formed multiple cellular puncta, the intracellular biomarkers for the phagophore and autophagosomal membranes, 26 in the intestinal cells (Fig. 1D) . The Cry5B-treated animals had significant intestinal multiple cellular GFP::LGG-1 puncta (P < 0.01) compare with the control group (Fig. 1F) . Moreover, the average GFP::LGG-1 puncta or foci number in the Int1 (the first anterior ring of intestine) cells was significantly increased in the Cry5B-treated group (P < 0.01) (Fig. 1G) . However, defect of normal autophagic flux may also result in the accumulation of GFP::LGG-1 foci number. In order to test whether Cry5B can activate or inhibit autophagic flux, the autophagic flux reporter HZ946 rpl-43(bp399);bpIs151 (SQST-1::GFP) animals were used., 26, 27 In the rpl-43 hypomorphic mutant background, the autophagy substrate SQST-1:: GFP proteins are not degraded by autophagy and show aggregated signals in the intestinal cells. However, the Cry5B-treated animals had significantly less intestinal SQST-1::GFP aggregates compare with the untreated control group (Fig. 1H and  I ). Together, our results were consistent with the fact that Cry5B activates autophagy in the intestinal cells, the main targets of Cry5B.
We next tested whether these transcriptionally activated atg genes are required for Cry5B-induced autophagy. To this end, we subjected DA2123 animals to both Cry5B-and RNAiexpressing E. coli, and examined the formation of the intestinal multiple cellular GFP::LGG-1 puncta in these animals. When DA2123 animals were fed on Cry5B plates containing atg gene RNAi, the percentage of animals positive for intestinal GFP::
LGG-1 puncta significantly decreased in the animals with knockdown of lgg-1, lgg-2, lgg-3, and atg-18 compare with the L4440 RNAi vector control group (all P < 0.01) ( Fig. S1A and  B) . Interestingly, RNAi of the atg-18 gene not only abolished the formation of Cry5B-induced GFP::LGG-1 puncta but also the GFP::
LGG-1 signals in the intestine of C. elegans (Fig. S1A) . Nevertheless, our results here demonstrated that these Cry5B upregulated atg genes are required for autophagy activation in the Cry5B-targeted intestinal cells. Notably, several general cellular stressors, including heavy metal (10 mM Cu 2C ), osmotic pressure (400 mM NaCl), heat shock (35 C), and non-PFT producing pathogen (Pseudomonas aeruginosa PA14), 7 did not activate intestinal GFP::LGG-1 puncta in DA2123 animals within 3 h (Fig. S2) , suggesting the activation of autophagy by Cry5B is relatively specific to the action of PFT, at least in this time frame, but not the other cellular stresses.
To observe the Cry5B PFT-induced autophagy at more detailed anatomic level, we examined the Cry5B-targeted intestinal cells by TEM analysis. In addition to the intestinal microvilli shedding induced by Cry5B, 9 our TEM analysis also demonstrated that double-membrane vehicles, probably autophagosomes, in the intestinal cells were significantly increased in N2 animals fed on Cry5B plates (P < 0.01) compare with those on control plates (Fig. 1J-L) . All of these results together reveal that cellular autophagy is induced cell-autonomously by Cry5B, at least in part through transcriptional activation of the atg genes, lgg-1, lgg-2, lgg-3, and atg-18, in the Cry5B-targeted intestinal cells.
Autophagy is required for defense of C. elegans against Cry5B
Since autophagy can be prosurvival or prodeath in different cellular contexts, 28 we hypothesized that Cry5B, as well as forming pores at the plasma membrane, either exerts its toxicity through toxin internalization and induction of autophagic cell death (prodeath), or Cry5B-targeted cells mount INCED against it by activation of autophagy (prosurvival). To address this question, C. elegans with atg gene mutations, which cause autophagy defect at distinct regulatory steps, were quantitatively compare with wild-type N2 animals for susceptibility to Cry5B (Fig. 2A) . The autophagic process can be dissected into distinct stages: 15 mammalian BECN1/VPS30/ATG6 (bec-1 in C. elegans) is required for the induction and vesicle nucleation stage; ATG4 (atg-4.1 and atg-4.2 in C. elegans) encodes cysteine protease and mediates the vesicle expansion and completion; further, the retrieval of the integral membrane protein ATG-9 from the phagophore assembly site involves atg-18. These atg gene mutants, bec-1(ok691), bec-1(ok700), atg-4.1(tm4364);atg-4.2 (tm3949), and atg-18(gk378) (except for the atg-4.1(tm4364) (P D 0.26) and atg-4.2(tm3948) (P D 0.42) single mutant) showed a significant Hpo (Hypersensitive to POre-forming toxin) phenotype to Cry5B killing compare with N2 animals (all P < 0.01). These data indicated that autophagy, controlled and regulated by these atg genes, was required for Cry5B defense, and atg-4.1 and atg-4.2 function redundantly in the autophagy-dependent INCED against Cry5B intoxication.
To independently test that our results stem from loss-offunction phenotypes and reconfirm the importance of the transcriptional activation of autophagy in PFT responses, atg genes were silenced by RNAi in NL2099 rrf-3(pk1426) animals. Knockdown of the atg genes specifically activated by Cry5B, lgg-1, lgg-2, lgg-3, and atg-18 (Fig. 2B) , and the other atg gene atg-10 which encodes a LGG-3/ATG12-conjugating enzyme and is essential for autophagic vesicle formation (Fig. S3A ), all conferred a statistically significant Cry5B Hpo phenotype compare with the L4440 control group (all P < 0.01). We found that hypersensitivity to Cry5B as well as decreased intestinal GFP::LGG-1 multiple cellular puncta (Fig. S1 ) resulted from RNAi of atg genes, confirming that the Cry5B hyper-susceptibility correlated with a reduction of cellular autophagy.
We therefore tested whether induction of autophagy can protect C. elegans from Cry5B killing. Two independent transgenic strains overexpressing LGG-1 protein were used: DA2123 carries the chromosome-integrated transgene adls2122[lgg-1p::GFP::lgg-1] with lower extra copies of lgg-1; YW364 carries the extrachromosomal lgg-1p::lgg-1 transgene with a comparative higher level of lgg-1 (Fig. S3B ). These were compared with N2 animals for their sensitivity to Cry5B (Fig. 2C ). DA2123 and YW364 animals were significantly resistant to Cry5B compare with N2 animals (all P < 0.01). Moreover, YW364 animals were statistically more resistant to Cry5B than the DA2123 animals (P < 0.01). This result suggested gene dosage-dependence of lgg-1 on INCED against Cry5B. We also knocked down the atg genes specifically activated by Cry5B in DA2123 animals. As shown in Figure S1 , silencing these genes significantly abolished the Cry5B-activated autophagy in the intestinal cells of the DA2123 animals. Moreover, RNAi of these atg genes, lgg-1, lgg-2, lgg-3, and atg-18 ( Fig. S3C ), all significantly diminished the activated INCED against Cry5B compare with the L4440 control group in DA2123 animals (all P < 0.01). The results were in agreement with the findings that the activation of autophagy through the transcriptional upregulation of lgg-1, and the other atg genes, protected animals against Cry5B intoxication.
Pharmacological induction of autophagy, by spermidine, 29 was also independently tested ( Fig. 2D) . Animals on the plates containing the pharmacological autophagy inducer were more resistant to Cry5B than animals on the control plates (P< 0.01). The expression level of Cry5B in E. coli was not altered by spermidine at the same concentration ( Fig. S3D and E). This indicated that the Cry5B resistance of the animals treated with spermidine on Cry5B-expressing E. coli plates was not due to a decrease in the total amount of Cry5B toxin on the plates. Together, our genetic and pharmacological analyses demonstrated that activation of autophagy is necessary and sufficient for INCED against Cry5B in C. elegans.
Autophagy functions cell-autonomously in the intestine to protect against Cry5B
Given that the membrane receptor for Cry5B PFT is expressed only on the intestinal cells of C. elegans and the formation of intestinal GFP::
LGG-1 multiple cellular puncta induced by Cry5B was concomitantly observed, we hypothesized that autophagy functions cell-autonomously and is required in the intestine to protect against Cry5B intoxication in vivo. To genetically test this notion, we first silenced the Cry5B-activated atg genes specifically in the intestinal cells by feeding RNAiexpressing E. coli to VP303 [rde-1(ne219);kbIs7(nhx-2p::rde-1)] animals ( Fig. 3A) , in which RNAi is active only in the intestinal cells. 30 Intestine-specific knockdown of the Cry5B-activated atg genes, lgg-1, lgg-2, lgg-3, and atg-18 all conferred a statistically significant Cry5B Hpo phenotype compare with the L4440 control (all P < 0.01).
To recapitulate the notion that cell-autonomous function of autophagy is required in the intestine for Cry5B defense, we also generated 2 independent C. elegans strains, YQ093 [atg-18 (gk378);wfIs118(app-1p::atg-18)], and YQ095 [atg-18(gk378); wfIs120(app-1p::atg-18)], with specifically intestinal atg-18 gene rescued driven by the app-1 promoter in the atg-18(gk378) mutant background. The tissue specificity of the app-1 promoter was also reconfirmed by monitoring the expression of app-1p-driven fluorescent reporter in the YQ242 [atg-18 (gk378);wfIs231(app-1p::mCherry::Histone H2B)] and YQ243 [atg-18(gk378);wfIs232(app-1p::mCherry::Histone H2B)] animals (Fig. S4A) . While atg-18(gk378), YQ242, and YQ243 animals were all significantly hypersensitive to Cry5B intoxication compare with the N2 animals (all P < 0.01), the YQ093 (P D 0.16) and YQ095 (P D 0.06) animals were as sensitive as N2 animals to Cry5B (Fig. 3B) . Our data demonstrated that intestine-specific rescue of atg-18 in the atg-18(gk378) mutant reverses its Cry5B Hpo phenotype.
To independently reconfirm the cell-autonomous function of autophagy in Cry5B defense, we also fed Cry5B to the VK1241 [nhx-2p::mCherry::lgg-1] transgenic animals, with intestine-specific overexpression of lgg-1 driven by another intestine-specific promoter nhx-2p. Consistent with the previous results (Fig. 2C) , the DA2123 animals with lgg-1 overexpression driven by its endogenous promoter were more resistant to Cry5B toxicity compare with N2 animals (P < 0.01); while VK1241 animals were also significantly resistant to Cry5B compare with N2 (P < 0.01) and were as resistant as the DA2123 animals (P D 0.68) (Fig. 3C) . Moreover, multiple mCherry::LGG-1 cellular puncta were also concomitantly observed in the intestinal cells of the Cry5B-treated VK1241 animals (Fig. S4B ). Taking the above data together, we demonstrated that autophagy is activated and functions cellautonomously for Cry5B defense in C. elegans.
Autophagy is involved in xenophagic degradation of PFT and membrane-pore repair Cry5B binds to its glycosphingolipid receptor and thereafter forms pores on the cell membrane to intoxicate C. elegans. 24 However, when C. elegans was fed with the rhodamine-labeled Cry5B toxin (Rh-Cry5B), the Rh-Cry5B signals not only showed on the apical plasma membrane of the intestinal cells but also existed as multiple cellular puncta in the cytosol. 24 We repeated the experiments to reconfirm the results (Fig. S5A) , i.e.-cytosolic Rh-Cry5B punctate signals were only seen with native and functional Cry5B in the intestinal cells with the presence of its receptor, but did not appear either in the bre-3(ye28) mutant without the Cry5B receptor or with the heat denatured Cry5B. Moreover, pore formation is required to induce autophagy by Cry5B, since bre-3 is required for pore formation and RNAi of bre-3 significantly diminishing the Cry5B-induced autophagy in DA2123 animals (Fig. S5B) .
Given that the pattern of the cytosolic Rh-Cry5B signals (Fig. S5A) was reminiscent of Cry5B-induced multiple cytosolic LGG-1 cellular puncta as shown in Figure 1 , and Figure S4 , we tested to see whether the internalized Cry5B was degraded by xenophagy. First, by confocal microscopy, we found that the majority of the cytosolic Rh-Cry5B signals are colocalized with the punctate GFP::
LGG-1 signals (autophagosomes), LysoTracker Blue signals (lysosomes), or both (autolysosomes) (Fig. 4A and B) .
Next, by time-lapse image analysis, we determined whether Cry5B was degraded by autolysosomes. We found that cytosolic Rh-Cry5B signals are significantly diminished in the autolysosomes within 30 to 45 min (Fig. 4C) . Taken together, our data suggests that the membrane pore-forming toxin Cry5B is, at least in part, degraded by autophagy in its target tissue, intestine.
Next we analyzed whether the clearance of Cry5B PFT in the intestinal cells can contribute to pore-repair on the apical plasma membrane. By using the membrane impermeable dye, propidium iodide (PI), which is smaller in size than the pore created by Cry5B, it is possible to qualify and quantify the intrinsic pore-repair activity in the intestinal cells of C. elegans. 9 After exposing of N2 animals to Cry5B for 0.5 h and chasing them briefly on non-Cry5B expressing E. coli plates for 0.5 h, PI was able to penetrate into the cytosol of intestinal cells in all Cry5B-treated groups (Fig. 5A) . However, after 24 h of recovery on non-Cry5B expressing E. coli plates, PI signals were limited in the intestinal lumen and could not penetrate into the cytosol of intestinal cells in N2 animals treated with L4440 RNAi control. The results suggested an intrinsic membrane pore-repair activity in the Cry5B-targeted intestinal cells. Yet, when RNAi of the Cry5B-induced atg genes, lgg-1, lgg-2, lgg-3, and atg-18, the intrinsic membrane pore-repair activity is inhibited, since intestine cytosolic PI signals were detected in these atg RNAi-treated groups. Quantitative analysis also demonstrated that RNAi depletion of Cry5B-induced atg genes significantly abolished the porerepair ratio, when compare with the animals treated with the control RNAi (L4440), examined 24 h after the recovery from Cry5B intoxication (all P < 0.01) (Fig. 5B) . Together our data suggested that in addition to the endocytosis and exocytosis systems 9 autophagy also contributes to the intrinsic membrane pore-repair to defend against Cry5B PFT intoxication.
HLH-30 regulates the expression of Cry5B-activated atg genes Next, we turned our attention to searching for the transcription factor that is activated by Cry5B and regulates these Cry5B-dependent atg genes, lgg-1, lgg-2, lgg-3, and atg-18. By in silico analysis, we identified 2 potential transcription factors, HLH-26 and HLH-30, which could regulate the transcription of these Cry5B-activated atg genes. The cis-regulatory consensus sequences and the potential binding sites for the HLH-26 and HLH-30 are illustrated in Figure 6A . To examine which transcription factor is required for the Cry5B-activated atg gene transcription, we knocked down hlh-26 or hlh-30 in the autophagy reporter DA2131 animals and fed them with Cry5B ( Fig. 6B-E) . Our results demonstrated that RNAi of hlh-30 significantly abolished the Cry5B-induced autophagy in the intestinal cells, while RNAi of hlh-26 had no effect. To reconfirm the roles of HLH-30, but not HLH-26, in Cry5B-activated autophagy and INCED against PFT intoxication, we fed the N2, hlh-26(tm287), and hlh-30(tm1978) animals on Cry5B plates and monitored their susceptibility to PFT intoxication (Fig. 6F) . Our results showed that only the hlh-30(tm1978) mutant is significantly hypersensitive to Cry5B toxicity compare with N2 (P < 0.01), while the hlh-26(tm287) mutant is as sensitive as N2 (P D 0.06).
In order to reconfirm the role of HLH-30 in the Cry5B-activated atg gene expression, we performed qRT-PCR of these genes in the Cry5B-treated N2 and hlh-30(tm1978) mutant animals (Fig. 6G) . Our results showed that the expression of all the Cry5B-activated atg genes was significantly abolished in the hlh-30(tm1978) animals (all P < 0.01). Together, our data indicated that HLH-30 is required for the transcription of these Cry5B-activated atg genes.
We next analyzed whether Cry5B can activate HLH-30. By feeding the HLH-30 translational reporter strain OP433 [wgIs433(hlh-30::TY1::EGFP::3xFLAG)] on Cry5B plates, we found Cry5B can induce the translocation of HLH-30 from the cytosol to the nucleus (Fig. 6H) . Moreover, quantitative analysis results indicated that significantly more animals contain nuclear HLH-30::GFP signals in intestinal cells after 1 (P < 0.01) and 3 (P < 0.01) h exposure to Cry5B compare with the untreated control groups (Fig. 6I) . Notably, the total HLH-30::GFP signal intensity was not upregulated by Cry5B in OP433 animals (Fig. 6J) . Together, our data suggested that Cry5B activates HLH-30 by induction of its nuclear translocation, but not through upregulation of its expression.
To genetically reconfirm that the transcription factor HLHL-30 acts in the same pathway with the Cry5B-acivated atg genes, we monitored the survival of N2, lgg-1 overexpression DA2123 animals (lgg-1(O/E), carrying extra copies of the lgg-1 transgene driven by its endogenous promoter (Fig. S3B) , hlh-30(tm1978) mutant, and lgg-1(O/E);hlh-30(tm1978) on Cry5B plates (Fig. 6K) . Consistent with the previous results ( Fig. 2C and Fig. 3C ), lgg-1(O/E) animals were significantly resistant (P < 0.01) and hlh-30(tm1978) animals were significantly more hypersensitive (P < 0.01) than N2 in response to Cry5B killing; however lgg-1(O/E);hlh-30(tm1978) animals were also significantly hypersensitive to Cry5B killing compare with N2 (P < 0.05) and were as sensitive as hlh-30(tm1978) (P D 0.63). These results are consistent with the fact that HLH- 30 may function as a transcriptional regulator, to mediate Cry5B-activated and lgg-1-dependent autophagy. Finally to test whether hlh-30 is also required for the intrinsic pore-repair activity, we performed the pore-repair assay by silencing hlh-30 (Fig. 6L) . RNAi of hlh-30 significantly inhibited the intrinsic pore-repair activity in N2 animals compare with the L4440 control (P < 0.01). Taking the above data together, we demonstrated that the transcription factor HLH-30 is activated by Cry5B and is required for the Cry5B-dependent atg gene transcription, cellular autophagy activation, and intrinsic membrane porerepair to defend against Cry5B intoxication in C. elegans.
HLH-30-mediated autophagy is generally required for PFT defense in C. elegans
To test whether the HLH-30-dependent autophagy is generally required for INCED against bacterial pore-forming toxins, first we fed C. elegans with Cry21A-expressing E. coli. Cry21A also perforates the plasma membrane of intestinal cells via a different receptor than Cry5B and intoxicates C. elegans. 8 We fed DA2123 animals on Cry21A plates to monitor the upregulation of lgg-1 expression and the activation of cellular autophagy in C. elegans (Fig. S6A) . The green fluorescence signal of GFP::
LGG-1 was predominantly and significantly increased in the intestinal cells of animals feeding on Cry21A plates (P < 0.01) compare with those on control plates (Fig. S6A and B) . Moreover, the Cry21A-treated animals had significant intestinal multiple cytosolic LGG-1 puncta (P < 0.01) compare with the control group (Fig. S6A and C) . These results demonstrated that Cry21A also activates autophagy in C. elegans. Moreover, DA2123 animals were significantly resistant (P < 0.01) and atg-18(gk378) animals were hypersensitive (P < 0.01) to killing by Cry21A compare with N2 animals (Fig. S6D) , indicating that autophagy is generally required for Cry PFT defense.
To confirm the role of HLH-30 in PFT-activated autophagy and INCED against Cry21A intoxication, we fed N2 and hlh-30 (tm1978) animals on Cry21A plates and monitored their survival ratio (Fig. S6E) . Our results showed that the hlh-30(tm1978) mutant is significantly hypersensitive to Cry21A compare with N2 (P < 0.01). We further tested whether Cry21A also activates HLH-30. By feeding the OP433 animals on Cry21A plates, we found Cry21A also induces the nuclear localization of HLH-30 (Fig. S6F) . Moreover, quantitative analysis results indicated that significantly more animals contain intestinal HLH-30::GFP nuclear signals after 1 h exposure to Cry21A compare with the untreated control groups (P < 0.01) (Fig. S6G) , and the total HLH-30::GFP signal intensity was neither upregulated by Cry21A (P D 0.65) (Fig. S6H) as Cry5B (Fig. 6J) .
Recombinant streptolysin O (SLO), a cholesterol-dependent PFT with different pore-size (larger) and pore-formation mechanism than Cry toxins, can also intoxicate C. elegans. 6 To extend our notion that autophagy is required for bacterial PFT defense; we fed the C. elegans with recombinant SLO for 6 d and monitored their survival ratio (Fig. S7) . DA2123 animals were significantly resistant (P < 0.01) and atg-18(gk378) were significantly hypersensitive (P < 0.01) to killing by SLO compare with N2 animals, suggesting that autophagy is also required for SLO defense. Overall, our data from Cry5B and Cry21A produced by Bt and SLO produced by human-pathogenic Streptococci together demonstrated that autophagy is generally required for defense against bacterial PFT in C. elegans.
HLH-30 also regulates the transcription of other membrane-repair genes
HLH-30/TFEB has been suggested as an evolutionarily conserved transcription factor in the regulation of various hostdefense genes, including autophagy, C-type lectins, lysozymes, and antimicrobial peptides, during bacterial infection. 20 To understand the role of hlh-30 in Cry5B response, we performed global profiling of whole animal transcriptome by RNA-seq in Cry5B-treated N2 or hlh-30(tm1978) animals. We compared the differentially expressed genes (DEGs) between upregulated DEGs in N2-Cry5B/N2-untreated control data set, downregulated DEGs in hlh-30(tm1978)-Cry5B/N2-Cry5B data set and downregulated DEGs in hlh-30(tm1978)-untreated control/N2-untreated control data set, to search the hlh-30-dependent genes specifically involved in Cry5B response. By this approach, we identified 537 hlh-30-dependent Cry5B response genes ( Fig. 7A and Table S1 ). We further applied DAVID GO analysis to this group of genes, and our results indicated that hlh-30 plays an important role in regulation of autophagy when under Cry5B challenge (Fig. 7B) , which is in concordance with our previous conclusions suggested by the results in Figure 6 . It has not escaped our notice that besides autophagy regulation, these genes are also enriched in categories involved in vesicle-mediated transport, endocytosis, and membrane invagination, suggesting possible roles of these genes in Cry5B INCED (Table S2) . Among them, the rab-5 gene has been reported to play an important role in intrinsic membrane-pore repair. 9 Given that hlh-30 is also required for the intrinsic membrane-pore repair against Cry5B PFT (Fig. 6L) , we examined whether the hlh-30-dependent Cry5B response genes in these categories are required for intrinsic membrane-pore repair. Among the genes tested, RNAi of the ced-1/MEGF11, syx-17/SYNTAXIN 17, sar-1/SAR1, T14G10.5/COPG2, unc-73/ TRIO, and rab-5/RAB5 all conferred significant (all P < 0.01) impairment of the intrinsic membrane-repair activity against Cry5B intoxication (Fig. 7C) . In order to reconfirm that these are the hlh-30-dependent Cry5B response genes, we performed qRT-PCR analysis (Fig. 7D) . Our results demonstrated that the activation of these genes by Cry5B was significantly abolished in the hlh-30(tm1978) animals compare with N2 (all P < 0.01). Together, our data suggested that HLH-30/TFEB not only regulates cellular autophagy but also controls intrinsic membranepore repair systems in response to Cry5B PFT intoxication.
Discussion
Pore-forming toxins (PFTs) comprise a large, structurally heterogeneous group of bacterial protein toxins 2 and PFT targeted cells can mount complex cellular responses to survive from membrane damage. 31 Here, we demonstrated that PFT-elicited autophagy functions cell-autonomously to regulate tolerance to PFT intoxication, via xenophagic degradation of PFT and repair of damaged membrane in C. elegans. A model summarizing our findings is shown in the Figure 8 . The elevation of autophagic activity by Cry PFTs was, at least in part, reflected at the transcriptional level of the autophagy-related genes, lgg-1/LC3/ATG8, lgg-2/LC3/ATG8, lgg-3/ ATG12, and atg-18/WIPI, in an hlh-30/TFEB-dependent manner. Besides autophagy regulation, HLH-30 can also regulate the expression of other membrane-repair genes in response to PFT attack. Together, our results suggested a role of HLH-30/TFEBmediated autophagy in epithelium intrinsic cellular defense (INCED) against the most common mode of bacterial virulence factor, bacterial pore-forming toxin, in vivo.
Host cellular autophagy can be either a friend or foe to bacterial pathogens. 13 Autophagy selectively targets some intracellular bacterial pathogens to restrict their growth either in the cytosol or in vacuoles. 32, 33 In this scenario, autophagy serves as an innate immune mechanism against bacterial infection. Interestingly, some other intracellular bacterial pathogens have deployed virulence mechanisms, including PFT, to escape this intrinsic cellular defense system or even hijack the autophagy machinery to promote their intracellular growth. 34, 35 Our study here demonstrated that recombinant PFTs alone, free from the extracellular bacterial pathogens, can elicit autophagy and the activated autophagy is required for the epithelium INCED and can control host susceptibility through xenophagic degradation of PFT and repair of the perforated membrane. As mentioned previously, autophagy also controls the host susceptibility to various PFTs in cell culture and mouse models. 21, 23 Therefore, a logical extension of our and others' findings is that significant therapeutic benefit against a wide range of extracellular bacterial pathogens that utilize PFTs as the major virulence factor could be achieved by upregulation of autophagy. We showed a proof-of-principle that a small molecule autophagy inducer can serve as therapeutics or adjuvant for infections of bacteria expressing PFTs. Besides, since Cry toxins are being tested as novel anthelmintic reagents against animal and human parasitic diseases, 36 a combination treatment of Cry protein and an autophagy inhibitor may be a suitable regimen for enhancing the therapeutic effects and reducing the possibility of the development of drug resistance from the usage of single Cry PFT.
Pathogenic bacteria produce virulence factors, also known as effectors, which are of importance to the infection process. Host cells possess the evolutionarily conserved effector-triggered immunity (ETI), initially identified in plants, to sense the pathogen through the activity of its effectors and mount a robust immune response. It has been suggested that C. elegans also mounts ETI induced by a damage signal, i.e., translational inhibition. 37, 38 The ETI is also activated by surveillance pathways overseeing the other core cellular activities of the proteasome, nucleosome, cytoskeleton, and mitochondria, and allows C. elegans to detect invading pathogens that deploy effectors to undermine these vital host functions. 39, 40 Moreover, HLH-30 mediates early innate immune responses, including antimicrobial and autophagy gene expression, which leads to tolerance to Staphylococcus aureus infection. 20 S. aureus is also an extracellular pathogen that produces a PFT, a-toxin, however the virulence factor that activates HLH-30 and innate immune responses by S. aureus remained unidentified in C. elegans. Given that a-toxin also induces autophagy in a cell culture model, 22 testing whether a-toxin is required for S. aureus to activate HLH-30-dependent autophagy and ETI is warranted. Moreover, our transcriptomic analysis of the hlh-30-dependent Cry5B PFT response genes, also identified genes, including C-type lectins (clec-62, clec-63, clec-65, clec-186, and clec-264), lysozyme (lys-8), smk-1, heat shock proteins (hsp-43, F08H9.3), M60.2, prx-11, and daf-16 (Table S1 and S2), which are involved in defense response (Fig. 7B) . These results are in agreement with the report suggested that HLH-30 regulates cytoprotective and antimicrobial genes. 20 Together with these findings, we may add the disruption of plasma membrane integrity by PFT as a signal cue for ETI and HLH-30 as a surveillance system for this specific effector.
In summary, we have specifically identified the transcription factor HLH-30/TFEB and cellular autophagy as components of epithelium INCED against bacterial PFT in vivo. The divergent pathways and autophagy regulated by HLH-30/TFEB in protective responses reveal how studying pathogenesis can uncover a wonderful complexity and new connections among intracellular pathways. These observations not only advance our knowledge of PFT pathogenesis in C. elegans, but also show that the C. elegans-PFT model can shed light on the evolutionarily conserved mechanisms of the intrinsic epithelial host defense.
Materials and methods
C. elegans and bacterial strains
C. elegans strains were maintained on NG plates using E. coli strain OP50 as the food source under standard conditions. 41 The C. elegans strains, including wild-type Bristol strain N2, glp-4(bn2), bec-1 (ok691), bec-1(ok700), atg-4.1(tm4364), atg-4.2(tm3948), atg-18 (gk378), hlh-26(tm287), hlh-30(tm1978), NL2099 rrf-3(pk1426), National Institutes of Health-Office of Research Infrastructure Programs P40 OD010440, USA) or from the Mitani Lab through the National Bio-Resource Project of the MEXT (Japan). HY0652 bre-3(ye28) was created as described. 45 YW364 lgg-1p::lgg-1::GFP; rol-6 (su1006) was from Yi-Chun Wu (National Taiwan University, Taiwan). YQ027 atg-4.1(tm4364);atg-4.2(tm3948) and YQ280 adls2122;hlh-30(tm1978) were made by the standard genetic method.
41
YQ093 atg-18(gk378);wfIs118(app-1p::atg-18) and YQ095 atg-18(gk378);wfIs120(app-1p::atg-18) were created by biolistic bombardment 46 of the app-1p::atg-18::unc-54 transgene into atg-18(gk378) background. YQ242 atg-18(gk378);wfIs231(app-1p:: mCherry::Histone H2B) and YQ243 atg-18(gk378);wfIs232(app1p::mCherry::Histone H2B) were created by biolistic bombardment of the app-1p::mCherry-Histone H2B::unc-54 transgene into atg-18 (gk378) background. Bacteria expressing dsRNA, including hlh-26, hlh-30, bre-3, atg genes (lgg-1, lgg-2, lgg-3, atg-10, and atg-18), and membrane-repair genes (ced-1, syx-17, sar-1, T14G10.5, unc-73, and rab-5), were part of the Ahringer RNAi library 47 and the ORFeome-Based RNAi Library 48 in E. coli strain HT115 from Geneservice (Cambridge, UK) and Open Biosystems (Huntsville, AL, USA) respectively. All RNAi clones have been confirmed by plasmid DNA sequencing. E. coli strain OP50 expressing Cry5B or Cry21A, by transformation of Cry5B and Cry21A expression plasmids (pQE9-Cry5B or Cry21A 3 ) respectively, were used in Cry PTFs toxicity experiments. All bacterial strains were cultured under standard conditions. 49 
Media and chemicals
All chemicals used for nematode culture and bacterium culture were from Sigma-Aldrich (NaCl [7647- 41 ) with 25 mg/ml carbenicillin (Sigma-Aldrich, 4800-94-6) and 0.1 mM isopropyl-b-D-1-thiogalactopyranoside (MDBio, 101-367-93-1) and incubated at 25 C overnight to induce the dsRNA expression. E. coli HT115 with L4440, an empty vector, was used as negative control of RNAi. Synchronized rrf-3(pk1246) L1 larvae were obtained using standard protocols, 49 then cultured on L4440 and the autophagy related genes dsRNA expressing RNAi plates at 20 C until L4-young adult stage. These L4-young adult stage worms were transferred to either control plates with E. coli that did not express Cry toxins (pQE9 empty vector; Qiagen, 32915) or plates prepared with E. coli expressing Cry5B or Cry21A together with E. coli either carrying RNAi plasmids or the L4440 plasmid and then incubated at 25 C. The mortality of worms were recorded and analyzed as described previously. 49 C. elegans autophagy analysis and microscopy All autophagy analyses were performed according to established guidelines. 26, 50 Light microscopic analysis of autophagy: The synchronized L4-young adult stage DA2123 animals carrying the transgene that expresses a GFP::LGG-1 fusion were fed on Cry5B-expressing E. coli (pQE9-Cry5B) plates or control (pQE9 vector) plates for 3 h and collected. GFP signals in the animals were acquired by a Nikon Eclipse Ti inverted microscope system (Tokyo, Japan). The GFP intensity, percentage of animals with GFP-positive puncta, and GFP::LGG-1 foci number in the Int1 (the first anterior ring of intestine) cells were determined. For the HLH-30::GFP images, OP433 animals were fed on Cry5B or control plates for 1 and 3 h and collected. For the SQST-1::GFP images, HZ946 animals were fed on Cry5B or control plates for 3 h and collected. Confocal microscopy was performed as described. 24 The L4-young adult stage N2, bre-3(ye28) or DA2123 animals were incubated with 50 mg/ml recombinant Cry5B (Rh-Cry5B; generated as described previously 24 ), heat-inactivated Cry5B or BSA labeled with rhodamine (Thermo Fisher Scientific, 53031) in a 48-well plate for 3 h. The images were acquired with an Olympus microscope (FV1000MPE, Tokyo, Japan). Time-lapse confocal images of L4-young adult DA2123 animals treated with Rh-Cry5B were acquired with a Zeiss microscope (LSM780, Oberkochen, Germany). LysoTracker Blue was fed during L1 to L4 stage as described. 51 The western blot method for LGG-1 protein was modified by a previously described method. 7 Approximately 750 L4-young adult N2 worms were fed on Cry5B or control plates for 3 h, then worms were removed and washed 3 times in M9 buffer, and sodium dodecyl sulfate (SDS) loading buffer was added. Ten microliters of boiled lysate were used for immunoblotting. Monoclonal antibodies to LC3/LGG-1 (Novus, NB100-2220) and to TUBA/a-tubulin (Sigma-Aldrich, T6199) were used. The relative levels of PE-conjugated LGG-1 and TUBA/ a-tubulin were calculated by densitometry using ImageJ (National Institutes of Health). The transmission electron microscopy (TEM) method for autophagy in C. elegans was performed using a Hitachi transmission electron microscope (H-7650, Tokyo, Japan) as described previously. 32 
Quantitative Cry PFTs susceptibility
All assays were performed at 25 C and modified by previously described methods, 47 and each assay was performed independently at least 3 times. In brief, the L4-young adult stage worms were fed either on control plates with E. coli OP50 that did not express Cry PFT (pQE9 vector control) or on plates prepared with E. coli OP50 expressing Cry PFT (pQE9-Cry5B or Cry21A). The mortality of worms on each plate was scored every 24 h. Animals were scored at the indicated times and considered dead upon failure to respond to touch. Animals missing from the agar plate were censored on day of loss. Animal survival was normalized and plotted as a nonlinear regression curve using the GraphPad Prism 6.0 (San Diego) and the time for 50% of the nematodes to die (LT 50 ) was calculated by PROBIT analysis as described.
3,47
Real-time PCR Real time RT-PCR was performed as described previously. 7 Induction of the mRNA expression of atg genes (unc-51, lgg-1, lgg-2, lgg-3, atg-3, and atg-18), and membrane-repair genes (ced-1, syx-17, sar-1, T14G10.5, unc-73, and rab-5), by Cry5B was tested in glp-4(bn2), N2, and hlh-30(tm1978) animals treated for 3 h on E. coli expressing Cry5B or not. The experiment was performed using 3 independent sets of cDNA. Real time RT-PCR was performed on an ABI 7000 Instrument (Applied Biosystems, CA, USA) using SYBR Green detection (Applied Biosystems, 4368708). eft-2 was used as the real time RT-PCR normalization control. 5 Real-time PCR for the lgg-1 DNA copy number was performed similarly, except the templates were prepared by RNase-treated DNA samples from N2, DA2123, and YW364 animals.
In silico transcription factor prediction
To identify the putative cis-regulatory elements and trans-acting factor of the Cry5B-induced autophagy genes, lgg-1, lgg-2, lgg-3, and atg-18, 500»1,500 base pairs upstream of the coding sequences of these genes were retrieved from WormBase 52 and analyzed by the Regulatory Sequence Analysis Tools (RSAT) (www.rsat.eu). 53 The enriched cis-regulatory modules of these 4 sequences were predicted by Oligo-analysis 54 in the RSAT. The enriched consensus sequence was inputted into TOMTOM, 55 a motif comparison tool in the Multiple Em for Motif Elicitation Suite (meme-suite.org), 56 to search the transcription factors that recognize similar motifs of C. elegans in JASPAR and UniPROBE databases. The putative binding sites of transcription factors were also predicted by Matrix-scan 57 in RSAT.
Transcriptomic analysis of the hlh-30-dependent Cry5B response genes L4-young adult stage N2 and hlh-30(tm1978) worms were fed on Cry5B or control plates for 1 h. Animals were washed twice by M9, then washed twice with DEPC water, and collected and resuspended with 1 ml TRIzol (Invitrogen, 15596026). Total RNA was extracted and cleaned-up with RNeasy Mini Kit (Qiagen, 74104). RNA-seq was performed with illumina MiSeq. To identify the hlh-30-dependent Cry5B response genes, the genes with a P value of less than 0.05 were selected as differentially expressed genes for further gene ontology and pathway enrichment analyses using DAVID. 58 The accession number of the results uploaded in GEO is GSE78878.
Data analysis
All experiments were performed a minimum of 3 times independently. Statistical analysis between 2 values was compared with a paired t test, and among 3 or more values of one independent variable was done with matched oneway ANOVA with the Tukey post-hoc test and more than 2 independent variables by 2-way ANOVA with the Bonferroni post test. All data analysis was performed using SPSS, ver 13.0 (SPSS, Chicago, IL, USA). Statistical significance was set at P < 0.05.
